We suggest and test a new way to define azimuth binning in Kirchhoff prestack migration. With this new definition, we sort seismic data by the azimuth of the average travel path traversed from the source to the subsurface image point and back to the receiver, rather than the azimuth between source and receiver on the surface of the earth. This approach avoids mixing the typically weaker side-scattered energy with the stronger in-plane reflections, thereby providing greater leverage in identifying image contributions from out-of-the-plane steeply dipping reflectors, fractures and faults. We examine the impact of this new imaging approach combined with analysis of seismic attributes that have proved useful for fracture detection, on data from the Fort Worth Basin, Texas, United States. We find that the image of features such as reflectors and discontinuities focus into azimuths perpendicular to the strike of each feature. The discrimination achieved in the azimuthal domain allows for an increased resolution in analysis of geologic features according to their strike direction. It should also result in improved residual azimuthal velocity analysis.
INTRODUCTION
Kirchhoff migration is an easily understood operation based on a simple geometric relationship between the input data and the output image. Kirchhoff migration builds an image at a given position in the subsurface from data collected at a number of locations within the aperture surrounding the image location. We illustrate this concept in Figure 1 , emphasizing that in map view the travel path from the source to the image point and then to the receiver can be very different from the straight line connecting the source to the receiver.
For a number of applications, including residual isotropic and anisotropic velocity analysis, amplitude variation with offset and amplitude variation with azimuth analysis, prestack impedance inversion, and prestack noise attenuation, we bin the data into partial images prior to forming a final stack. The white arrow in Figure 2 illustrates two common binning parameter choices: offset, measured as the surface Pythagorean distance between source and receiver, and azimuth, similarly taken as the direction of the line connecting the source and receiver. Because of its simplicity, most workers use common-offset binning for the analysis of residual isotropic and VTI anisotropy analysis, and common-azimuth binning for residual azimuthal anisotropy analysis.
Azimuthal anisotropy is commonly associated with the intensity and orientation of near-vertical fractures or nonequal horizontal stresses. In either case, measurement of azimuthally sensitive seismic attributes such as rms velocity and traveltime thickness ͑a function of interval velocities͒ or amplitude ͑a function of impedances͒ allows us to estimate the direction and intensity of fractures that are important for reservoir characterization and stress and for planning hydrofrac programs ͑Lynn, 2004͒.
Seismic attributes computed from fully migrated and stacked volumes such as coherence ͑Skirius et al., 1999͒ and curvature ͑al-Dossary and Sullivan et al., 2006 , Blumentritt et al., 2006 Hakami et al., 2004͒ can be very effective in imaging faults and fractures. Chopra and Marfurt ͑2006͒ show how attributes applied to far offset-limited volumes delineate the edges of gascharged reservoirs that have a strong AVO effect. Chopra et al. ͑2000͒ and Jyosula ͑2003͒ show how fractures often are better imaged on azimuth-limited volumes. However, the reason for such better images is unclear: sometimes the fractures appear best on azimuths that are perpendicular to the strike of the fractures and other times on azimuths that are parallel to that strike. Al-Dossary ͑2004͒ proposed analyzing azimuthal variation in formation temporal thickness using an interazimuth coherence algorithm. Although promising on simple normal incidence synthetics, this algorithm did not work well on azimuthally sorted bins of prestack time migrated field data.
Obviously, the choice of binning should be sensitive to variations in the parameter of interest. Particularly for azimuthal anisotropy analysis, the underlying assumption of conventional binning techniques is that the source-to-receiver azimuth measured along the surface is representative of the azimuth in which the raypath traverses the medium. The relative orientation of this azimuth to the anisotropy axes of the subsurface determines the extent to which anisotropy influences the seismic response. Figure 2 shows that the azimuth between source and receiver along the surface can be a poor representation of the azimuth of the subsurface raypath, particularly if there is a significant component of side-scattered energy. Such large side scattering occurs in imaging out-of-the-plane vertical or near-vertical faults, fractures and steeply dipping reflectors.
In this paper, we propose an alternate definition of binning azimuth that we claim will better sort such out-of-the-plane energy for subsequent residual velocity and attribute analysis. Improvements in those two items will benefit analysis of fracture-and stress-induced velocity anisotropy. We begin with a review of conventional azimuthal binning and introduce our new azimuthal binning procedures. Next, we apply the two binning procedures to a 3D seismic data set from the Fort Worth Basin in Texas, United States. Then we use seismic attributes to measure the effectiveness of the new binning technique. We conclude with a discussion of workflows for residual azimuthal velocity analysis.
AZIMUTHAL BINNING IN PRESTACK MIGRATION
Most traditional velocity analysis algorithms are based on the assumption of flat reflectors. In this geometry, the azimuth of the travel path from source to specular reflection point and back to the receiver is identical to the azimuth between the source and receiver measured along the surface. More sophisticated tomographic velocity analysis algorithms require either manually picking or computer alignment of reflection events that can be either in or out of the plane. Such velocity analysis followed by prestack migration can provide an excellent image of the major specular reflectors. However, in most reservoir characterization and hydrofrac planning problems, we are also interested in mapping natural fractures and in accurately estimating the relative magnitude and orientation of the maximum and minimum horizontal stresses.
Discontinuities that give rise to side-scattered diffractions are of interest for two reasons. First, it may be important to image features, such as channel edges, fractures, and karst to better understand the geologic heterogeneity of our reservoir. Second, side-scattered diffractions can have both a significantly longer travel path and greater azimuthal variability than specular reflections from flat reflectors. While more difficult to image, such longer and azimuthally diverse diffraction events provide greater sensitivity to and therefore leverage on azimuthal variations in velocity, which in turn can indicate in situ stress and the presence of fractures that fall below seismic resolution.
In the Fort Worth Basin, most of our specular reflectors are quite flat. In Figure 2 , we represent the conventional binning azimuth by the white arrow. However, the solid black arrow indicates the average azimuth of the travel path followed by the diffraction event from the fault. Figure 2 also shows that an equivalent way to compute the desired direction is by the azimuth of the vector ͑x i ‫מ‬ x s ͒ ‫ם‬ ͑x i ‫מ‬ x g ͒, where ͑x i ‫מ‬ x s ͒ represents the surface vector between source and image point and ͑x i ‫מ‬ x g ͒ is the surface vector between the receiver and image point. To evaluate this concept, we have modified a conventional Kirchhoff prestack time migration algorithm to bin data based on the average azimuth of the travel path rather than on the azimuth connecting the source and receiver on the surface: . Map view of a seismic survey and imaging using Kirchhoff migration. Energy is excited by the source and scatters from subsurface reflectors and diffractors. In prestack time or depth migration, each subsurface location is a candidate image point. If the traveltime from the surface source location to the subsurface image point is t si , and the time from the subsurface image point to the surface receiver group is t ig , then in Kirchhoff migration we add a properly scaled value of the amplitude at time t si ‫ם‬ t ig measured at the receiver group to the image point. Figure 2 . Alternative ways of binning prestack migrated seismic data for analysis of azimuthal anisotropy. In this image, the fast P-wave velocity is oriented northeast-southwest, while the slow P-wave velocity is oriented northwest-southeast. Traditionally, we azimuthally bin data according to the strike of the line connecting the surface source to the surface receiver, which for flat reflectors also defines the azimuthal direction of the raypath, denoted by the white arrow. However, for energy scattered from faults and fractures, such an assumption is no longer valid, suggesting an alternative binning procedure. In this example, the raypath to and from the image point along the fault or fracture samples the velocity field as approximately denoted by the black arrow. This new direction is more closely represented by the direction of the sum ͑x i ‫מ‬ x s ͒ ‫ם‬ ͑x i ‫מ‬ x g ͒ of surface vectors.
‫ס‬ tan
where is the computed azimuth and x s ‫ס‬ ͑s x ,s y ͒, x g ‫ס‬ ͑g x ,g y ͒, x i ‫ס‬ ͑i x ,i y ͒ are the surface coordinates for the source, receiver, and image point, respectively. In principle, the bin determined by equation 1 is the same for every sample of an output trace from any given input trace, such that the computation effort is unchanged from that using conventional source-receiver azimuthal binning. In our implementation, we also mix concepts of a common incident angle migration ͑Perez and Marfurt, 2006a and 2006b͒ that is more computationally intensive than conventional common-offset migration; however, adding our new azimuthal binning does not change the cost. Furthermore, the stack of the output data binned following this new concept will be identical to the stack of the conventional azimuthally binned data. The only difference will be the degree of data mixing within the intermediate common-azimuth bins.
Even if lateral separation between source and receiver is short, Figure 2 shows that we may have a long travel path from diffractors ͑or dipping reflectors͒ to the side. The goal of our azimuth definition is to separate image contributions into different azimuth bins honoring the direction of propagation of side-scattered energy. Conventional binning smears those contributions by placing them without differentiation into the single bin given by the surface source-receiver azimuth. If there is no side scattering, the image point is located along the source-receiver line; in that case, the azimuth computed with our new definition matches the source-receiver azimuth. In other words, the new definition for azimuth seamlessly blends into the conventional definition, as side scattering becomes small.
Although he did not address azimuthal binning, Reshef ͑1997, 2001͒ also recognized the limitations of conventional offset binning for velocity analysis. He therefore proposed an alternate offset computation that was the total surface length of the raypaths ͉x i ‫מ‬ x s ͉ ‫ם‬ ͉x i ‫מ‬ x g ͉ shown in Figure 2 , with the objective of sharper focusing in offset and improved velocity analysis of dipping reflectors. Later, Reshef and Roth ͑2006͒ extended the use of this alternate offset binning into VTI anisotropy analysis. For simplicity, we only address azimuthal binning in this paper.
APPLICATION TO FIELD DATA
Relatively flat reflectors cut by complex strike-slip and antithetic faults characterize the Fort Worth Basin. Sullivan et al. ͑2006͒ , in the analysis of a nearby survey, suggest that such faulting gives rise to small pull-apart basins, which are subsequently altered by diagenesis, giving rise to collapse features. In our survey, we see little evidence of collapse features or karstification. The local structure in the study area is relatively simple, with layer-cake geology and gentle regional dip in the east and east-southeast direction. Exploration targets are low-porosity carbonates and unconventional shale gas reservoirs. Depth to the exploration target formations is about 2500 m, with two-way seismic arrival time in the 1.2 to 1.3 s range.
In most parts of the basin, natural fractures often connect with the deeper water-saturated Ellenburger carbonate formation ͑discussed by Sullivan et al., 2006͒ and should be avoided. Hydraulic fracturing typically provides the permeability required for commercial hydrocarbon production from the tight gas reservoirs. Imaging of natural fractures and fracture zones as well as accurate velocity anisotropy analysis to estimate present-day stress ͑Simon, 2005͒ is thus very important for hydrocarbon exploration and production in this area.
The data set available to us consisted of preprocessed ͑i.e., with statics and noise attenuation͒ CMP gathers. We imaged the data twice, initially with a Kirchhoff prestack time migration that implemented conventional azimuthal binning and then with a modified migration algorithm that binned the imaged data into travelpath azimuths following the alternate approach described above. We defined eight angular bins, displayed in Figure 3 for both the conventional and modified azimuthal binning. In addition, in each case we binned the migration into common opening-angle bins, rather than the more conventional common-offset bins. The combination of opening-angle binning with any of the two choices for azimuthal binning produces 3D gathers. These gathers take considerably more disk space than gathers binned only on azimuth, which in principle should suffice for our purposes. However, adding common opening-angle binning allows for a simple and very effective correction for wavelet stretch that increases the effective fold and quality of the stack by adding the contribution of large-angle imaged data that would otherwise be muted out ͑Perez and Marfurt, 2006a and 2006b͒. As described in the above references, we applied the correction for stretch and a residual moveout correction as part of the migration. These references also provide further information regarding data acquisition parameters.
Seismic images
In Figures 4 through 9 , we compare the results from each azimuthal binning choice. Azimuth-limited partial stacks for the conventional binning in Figures 4 and 6 exhibit a uniform image quality across azimuths, reflecting a distribution of fold into source-receiver azimuth bins that is also approximately uniform, which is a common occurrence in land surveys. Since fold is relatively low in each individual bin volume, strong noise events are visible throughout. Main events of geologic significance such as the two major southwestnortheast striking faults indicated by white arrows in Figure 4 
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also apparent in all images. In Figure 4 , the best images of the faults are in azimuth bins 2 through 4 whose orientation is roughly parallel to the strike of the faults.
Variation of image quality for the partial stacks from the modified binning in Figures 5 and 7 differs from that of similar stacks from the conventional binning in Figures 4 and 6 . At travel path azimuths other than bin 1, images from the modified binning are better than the corresponding images with the conventional binning. In the modified binning, the best overall images are on the range of azimuths between bins 4 and 7. Those azimuths are approximately parallel to the direction of the regional dip ͑perpendicular to the reflector strike͒. In particular, the best images for the southwest-northeast striking faults in the modified binning are at bins 6 and 7, whose orientation is roughly perpendicular to the strike of the faults. Signal-to-noise ratio also changes notably across azimuths in the modified binning. Noise is particularly apparent in bins 8 and 1 through 3, where we have a relatively poorer image. The apparent orientation of the noise changes for each bin in the modified binning scheme. For example, noise in panel 1 in Figure 5 runs mostly east-west or roughly perpendicular to the azimuthal orientation for that bin. A similar behavior holds for other bins in Figure 5 .
So far, we have found that the modified binning focuses the image into azimuth bins that are approximately perpendicular to the strike of the dipping reflectors. This same observation also holds true for images from the faults and even for the noise, since the best image for those events comes at bins whose azimuth is perpendicular to the strike of the events.
Attribute images
Let us now examine the attribute images in Figures 8 through 11 . Coherence provides similar results for all azimuths in the conventional binning in Figure 8 . In contrast, in the modified binning the southwest-northeast faults and associated fault zones are once again more sharply defined at travel path azimuths that are roughly perpendicular to the strike of the faults: the images for bins 6 and 7 in Figure  9 provide greater detail than any of the images for the conventional binning in Figure 8 . Additionally, in the modified binning those northwest-southeast azimuth bins provide increased definition of the zone running between the two faults that is not seen otherwise in Figure 8 or Figure 9 . In contrast, the definition of the faults and fault zones in Figure 9 is poorer for the azimuths oriented approximately parallel to the strike of the faults. herence, curvature provides a very similar picture on all azimuths with the conventional binning in Figure 10 . On the other hand, differences across azimuths do exist in the results for the modified binning in Figure 11 . Once again, the image is relatively poor at travel path azimuths parallel to the approximate strike of the faults ͑bins 1 through 3͒. The lineaments associated with the eastern fault are particularly well imaged in bins 6 through 8 as indicated by the yellow arrows; again, the azimuthal orientation on those bins is roughly perpendicular to the strike of the features. The image of those features is poorer at azimuths that are roughly parallel, such as bins 1 through 3. Finally, features that strike at right angles to the faults ͑i.e., with northwest-southeast orientation, marked with blue arrows͒ are visible throughout but are best highlighted in bins 2 to 4, centered on a southwest-northeast orientation.
DISCUSSION
We can summarize the results above by stating that, in imaging with the modified binning method, both signal and noise events are discriminated based on their apparent strike orientation in both surface or map views. If our geologic model consists simply of a single uniformly dipping interface or a parallel set of such interfaces in an isotropic and constant velocity medium, then by Snell's law the surface vector sum ͑x i ‫מ‬ x s ͒ ‫ם‬ ͑x i ‫מ‬ x g ͒ introduced above points in a direction perpendicular to the strike of the reflectors when the image point x i is coincident with the reflection point. Because the leading contribution to the migrated image is also that at the reflection point, and because the orientation of the sum vector is our new definition for binning azimuth, our results are consistent with the expectation for this simple model. If the geology is relatively simple and there is a dominant dip direction, as in our study area, then the image largely focuses in the azimuth or range of azimuths approximately perpendicular to the regional strike while the signal is poorer at other azimuths. Images from scatterers whose strike differs from that of the regional strike fall into other bins; their detection depends on our ability to distinguish this scattered signal from the noise. If the layers are horizontal, there is not a single dominant strike direction and the image from the flat reflectors should be equally distributed on all azimuths with the modified azimuthal binning, just as with conventional binning. If besides the horizontal layers there is a dipping feature, such as a fault or fracture, a reflection from such feature, if occurring, should be focused in the corresponding azimuth, perpendicular to the strike of the fault or fracture. In more structurally complex situations, we expect that the modified binning should provide distinct images of different strike regimes.
In this paper, we address the issue of the focusing of imaged data in the azimuthal domain. We believe the improved focusing in azimuths will also result in improved quality and resolution of residual azimuthal velocity analysis. Furthermore, we suggest extending the ideas presented in this paper to a new approach for decomposition of converted wave into radial and transverse components that more accurately represents the propagation direction for faults, fractures, and steeply dipping reflectors. As shown in Figure 12 , traditionally we decompose the multicomponent data into radial and transverse components defined by the azimuth between the surface source and receiver. For energy scattered from out of the plane, we suggest rotating the data into radial and transverse components that more closely approximate the direction of emergence of the S-wave, given by the azimuth between the image point and the receiver. A more rigorous model would take into account the polarization of S1-and S2-waves from the radial and transverse directions. We believe that such model-driven polarization analysis will provide images with less mixing of shear waves that are inherently birefringent, as well as improved residual velocity analysis. Together, incremental improvements in each of the factors discussed should lead to improved analysis of fracture-and stress-induced velocity anisotropy.
CONCLUSIONS
We have introduced a new approach for prestack migration of 3D data into common-azimuth bins that takes into account the travel path from source to image point to receiver. Migration with this approach images data into azimuths that represent more accurately the direction of propagation than the standard source-receiver azimuthal binning. Specifically, images of reflectors and discontinuities focus into azimuths perpendicular to the strike of the feature of interest. Conventional azimuthal binning based on surface source-receiver azimuth smears contributions from many such strike directions in any given azimuth bin. Discrimination into separate orientations in azimuthal domain allows for an increased resolution in analysis of geologic features according to their strike direction. Volumetric seismic attributes, such as coherence and curvature, computed in azimuth-limited volumes imaged with this new approach, allow for improved detection and better resolution of features such as faults, associated fractures, and fault zones and in better discrimination of orientation of those features. Integration of the new imaging approach into recently developed workflows that use seismic attributes will positively influence fracture detection and analysis of stress regimes. Alternative ways of rotating a converted wave migrated seismic data for analysis of azimuthal anisotropy. In this image, the fast S-wave velocity is oriented northeast-southwest, while the slow S-wave velocity is oriented northwest-southeast. White arrows indicate radial and transverse components defined by the azimuth between the surface source and receiver. For energy scattered from out of the plane, the emergence direction of the S-wave is more closely represented by the azimuth between the image point and the receivers, with the radial and transverse components indicated by the black arrows. See text for discussion.
